have been increasingly used to analyze regional and global vegetation cover and productivity because of frequent observations. This study, using experimental and theoretical methods, analyzed variations in vegetation indices with sun-view geometry as a means of understanding the sensitivity of relations beween vegetation indices and the biophysical properties, the leaf area index (LAI), and the instantaneous fraction of absorbed photosynthetically active radiation (fAPAR). Canopy bidirectional reflectance factors (BRFs) of an alfalfa crop were measured and simulated at a variety of solar and view zenith angles. Also, fAPAR, LAI, and leaf optical properties were measured. Measured and simulated canopy re$ectances agreed generally within 1% (absolute). Normalized dijj5erence and simple ratio vegetation indices (NDVI and SRVI, respectively), derived from BRFs, varied with view and solar zenith angles. The minimum for near-infrared (NIR) BRFs and relatively high red BRFs generally occurred near nadir, resulting in some of the lowest vegetation index values. Highest VI value-s were generally obtained at forward view angles. Variation of NDVI with sun-view-geometry was greatest at LAls ~2, whereas the range in SRVI was greatest for LAls>2. Measured reflectances indicate that relations between NDVl and LA1 and between SRVl and fAPAR were curvilinear across all solar and view zenith angle combinations in the solar ' 
INTRODUCTION
The usefulness of remotely sensed data depends on consistency of relations between detected radiation and biophysical processes. Factors affecting the amount of radiation reflected from a vegetative surface and received by a remote sensing device include leaf optical properties, underlying background, solar angle, atmospheric condition, sensor view angle, and canopy geometry (Norman et al., 1985) . Reflected irradiation and biophysical pro cesses, such as fraction of ground cover, wet and dry biomass, leaf area index (LAI), plant water content, and the fraction of absorbed photosynthetically active radiation (fAPAR) (Holben et al., 1980; Tucker 1979) , have been This article is a U.S. government work, and is not subject to copyright in the United States. The relation between NDVI and LA1 has been shown to be more nonlinear than that between SRVI and LA1 (Holben et al., 1980) . Relations between vegetation indices and fAPAR can be linear (Kumar and Monte&, 1981) or nonlinear (Asrar et al., 1984; Choudhury, 1987; Sellers, I985) , including exponential (Steven et al., 1983) and quadratic (Gallo et al., 1985) . Several regional and global models utilize the simple relations between spectral indices, fAPAR, LAI, and photosynthesis to simulate photosynthesis or evapotranspiration or both (Bonan, 1995) .
Most of the published relations between vegetation
indices and biophysical parameters were derived from measured or simulated data viewed at nadir as limited solid angle segments or hemispherically. However, the relations have been shown to be sensitive to a variety of factors including canopy geometry (Jackson and Pinter, 1986) , background (Huete et al., 1985) , solar and view zenith angles (Deering et al., 1992; Ranson et al., 1985; Walter-Shea et al., 1992) . Regional and global vegetation analysis have utilized data from the advanced very high resolution radiometer (AVHRR) aboard the National Oceanic and Atmospheric Administration (NOAA) series of satellites because its 112" view span permits daily observations. Because commonly used vegetation indices vary as a function of viewing geometry Deering and Middleton, 1990; Shibayama et al., 1986; Wardley, I984) , relations between these vegetation indices and biophysical parameters also vary as a function of viewing geometry (Epiphanio and Huete, 1995; Roujean and Breon, 1995) . For example, a linear relation between nadir-derived NDVI and fAPAR varied by 19-15% over a range of solar zenith angles and plant canopy geometries ; fAPAR and NDVI change in a similar manner with solar zenith angle (IBartlett et al., 1990; Middleton, 1991; Pinter, 1993) . Simulations indicate that off-nadir vegetation indices can also be nonlinearly related to fAPAR ). An ideal vegetation index would simultaneously retain maximum sensitivity to crop characteristics and be relatively unaffected by solar angle, atmospheric turbidity, topography, and viewing direction (Pinter et al., 1987) . Some research has been directed at producing a vegetation index approaching those ideals (Chehbouni et al., 1994; Huete, 1992) . Recently, Sellers et al. (1994) introduced a procedure using an empirical temporal filtering to reduce variations due to sun angle, atmospheric effects, and background reflectance. Goward and Huemmrich (1992) suggest exploring canopy bidirectional reflectance domains. Others have recommended restricting data to &14" of nadir as a means of reducing variability in vegetation indices from NOAA-AVHRR data (Duggin et al., 1982) . Three research groups identified by Sellers et al., (1990) discard data obtained at extreme view angles to reduce directional effects, but apparently none of the groups routinely correct data for effects due to solar zenith angle or atmospheric path length. A 225" off nadir,
restriction has been applied to data used in a global inventory monitoring and modeling studies group at NASA (Gutman, 1991) . However, by restricting the viewing angles, potentially useful information in off-nadir obser- vations may be ignored (Gutman, 1991) . Moreover, the temporal frequency of sampling is reduced.
Before exploring the BRF domain, we must understand the sensitivity of relations of vegetation index with biophysical parameters so that observations over a broad range of viewing conditions can be understood and described mathematically. The accuracy of estimating LA1 using NDVI and SRVI (and other vegetation indices) was addressed for nadir VI by using measured and simulated data; results for simulated data indicated that the relations were most sensitive to leaf color (Bouman, 1992) .
Experiments have also beer1 conducted to investigate the sensitivity to sensor-target geometry with a prairie ecosystem by using helicopter-retrieved data (Brown de Coulston et al., 1995) and in a&& (Epiphanio and Huete, 1995) . The objective of our study was to gain an understanding of the sensitivity of relations between two commonly used vegetation indices (SRVI and NDVI), with LA1 and fAPAR of a developing alfalfa canopy under a variety of solar and view zenith angle conditions.
Measured and simulated data were used to elucidate general trends in the data and their general applicabilitv to a variety of vegetated surfaces and conditions. Ogserved VI values were smoothed to determine the general relation of VI values to LA1 and fAPAR, and thr simulated VT values were used to determine how well these relations could be described with simple equations and how they varied with view angle.
MATERIALS AND METHODS

Field Experiment
Field work was conducted at the University of Nebraska Reed, 1983) .
Reflectance Factor Measurements
Canopy BRFs were derived from reflected radiation measured over canopy and reference panel targets with a
Barnes 12-1000 modular multiband radiometer (MMR)"
and recorded on a Polycorder (Omnidapa International Inc., Logan, UT) during 16 days of the experimental period.
The MMR produces a voltage proportional to scene radi-"The use of con~pany nanws and brand nanws is necessary to report factually on available data; however, the University of Nebraska and USAF neither grrarantee nor warrant the standard of the product. and the use of the name by the University of Nebraska and USAF implies no approval of the product to thp exclusion of others that also mapbe suitahlr. The vegetative area viewed at each view zenith angle varied in shape and size; the footprint at ground level was 0.5 m2 at a nadir view and I.9 m2 for a B,, equal to t5O".
Data were collected at a solar zenith angle (0,) of 55" through solar noon (I&-43", depending on the date) at 10" increments.
The number of solar zenith angles represented on a given day was a function of sky condi- Canopy spectral measurements were expressed as BRFs to correct for irradiance differences and to facilitate comparison within and among dates. The BRF (expressed in %) is defined as the ratio of the radiant flux density reflected by the canopy to the radiant flux density that would be reflected from a lossless Lambertian surface illuminated and viewed in the same manner as the canopy (Nicodemus et al., 1977) . Nadir (Robinson and Biehl, 1979) .
fAPAR MEASUREMENTS
Fractions of instantaneously absorbed PAR (fAPAR) were 
Leaflet Optical Measurements
Leaflet PAR reflectances and transmittances were determined from reflected and transmitted PAR measurements by using a LI-COR LI-1800-12 integrating sphere equipped with an LI-19OSA quantum sensor that mea- sures over the 400-700-nm wavelength range. Voltage output was recorded on a Polycorder (Omnidata International Inc., Logan, Utah). Adaxial and abaxial alfalfa leaflet PAR optical properties were measured from upper and lower canopy portions.
Spectral leaf reflectances and transmittances were measured on 23 September, 1990 over the wavelength range of 400 to 1000 nm at approximately 3-nm intervals, with a Spectron Engineering SE-590 spectroradiometer as a means of documenting spectral contributions to the PAR and NIR values.
Agronomic Measurements
Agronomic measurements included LAI, mean tilt angle, and soil moisture.
LAI and mean tilt angle were retrieved from measurements of incident and transmitted "blue" light (radiation at wavelengths less than 490 nm) through the alfalfa canopy by using a LA1 2000 plant canopy analyzer (LI-COR, Lincoln, NE) (Welles and Norman, 1991 a 90" view restrictor placed on the LAI-2000 lens. Mean tilt angle was retrieved from all gap fractions measured when the canopy was not shaded because direct sunlight does not affect the mean tilt angle estimation (LAI-2000 instruction manual). LA1 was estimated from gap fractions measured when a part of each alfalfa plot was shaded with a 0.9 mX0.6 m board to meet the diffuse lighting requirement for proper LAI-2000 use in retrieving LAI estimates. Soil moisture was estimated gravimetrically from three 0.15m-long soil cores centered at 0.15, 0.45, and 0.76 m depths north of each plot. Additionally, soil surface color was characterized with the Munsell color chips (Munsell Soil Color Chart, Macbeth Division of Kollmorgen Inst. Corp., Baltimore, MD) in each plot at midmorning and solar noon.
Model Description
A numerical turbid medium model, DISORD ) was used to model the reflectance from a canopy simulated as a horizontal cloud of infinitesimal leaflets positioned randomly in space (Ross, 1981) . Canopy depth is specified through the LA1 parameter, and leaf angle distribution is described with a beta distribution (Goel and Strebel, 1984) . Leaf scattering anisotropy is simulated by combining diffuse and specular phase functions. A canopy hot spot approximation also is included with the hot spot parameter fixed to a typical value (Stewart, 1991) . The transport equation is solved by using the discrete ordinates method. Anisotropic soil reflectance is simulated by using the six-parameter SOILSPECT model (Jacquemoud et al., 1992) .
To simulate the alfalfa reflectance, DISORD parameters were fured with values measured at the alfalfa test site. Downwelling irradiance was specified as the sum of SOILSPECT parameters for the simulation were derived in an inversion procedure (Privette et al., 1995) by using bare soil reflectance data collected before the alfalfa crop developed; the mean retrieved soil parameter values were fixed for all subsequent modeling. Horizontal homogeneity (one-dimensionality problem) was assumed.
Analysis
The field experiment was designed so that canopy reflectance was measured at solar zenith angles (0,s) of solar noon, 25", 3rj0, 45", and 55" and at view zenith angles With the use of DISORD, bidirectional reflectances were simulated, at every 5" in view zenith angle between 0" and 75", and at every 15" in azimuth angle between 0" and 180" (within unit steradian solid angle while the MMR has a 15" IFOV), for canopies with erectophile or planophile leaf angle distribution and LAIs of 1, 3, and 5. The solar zenith angle was varied at 5" increments between 0" and 65". For each combination of canopy parameters and solar angle, NDVI, SRVI, and fAPAR were computed, where the fraction of absorbed red radiation was used as a surrogate for fAPAR. Regressions were applied to measured and simulated data to describe general VI-LA1 and VI-fAPAR relations. In each regression using canopy reflectances, LAI, solar zenith angle, and leaf angle distribution varied while view angle was held constant. Correlation coefficients and slopes from the regression equations using measured and simulated data were plotted as functions of view zenith and azimuth angle. Linear relations from vegetation indices derived from bidirectional reflectance of alfalfa and similar canopies were used to further investigate the sensitivity of relations to LA1 and fAPAR.
RESULTS
AND DISCUSSION
Experimental
Mean tilt angles in canopies dominated by leaves typically ranged between 56" and 62", indicating little change in leaflet zenith angle during the morning hours (no data are available on the azimuthal dependency of the mean tilt angle). However, diaheliotropy is most pronounced at large @ (Moran et al., 1989) and was visually obvious in this study for 8, greater than 35". Alfalfa mean tilt angle progressed from near vertical after cutting to about 50" from the horizontal when mature, an indication of stem dominance in early growth.
Results of leaflet optical measurements showed hemispherical PAR reflectance factors to be statistically different between adaxial and abaxial leaflet surfaces. Average 
General Trends in Canopy Reflectances and Vegetation Indices: Measured
The view zenith angle at which minimum and maximum values of red and NIR BRFs were obtained varied with 0, and LA1 (Fig. 3) . M' mimum values were generally obtained at a view in the forward scatter direction, whereas maximum values were obtained in the backscatter direction. Similar trends have been reported elsewhere for alfalfa (Epiphanio and Huete, 1995; Kirchner et al., 1982) ; corn (Ranson et al., 1985) ; soybean and turf (Deering and Eck, 1987) ; and native grasses (Deering et al., 1992; Walter-Shea et al., 1992) . In addition, similar trends were observed in the simulated data, as exemplified with simulation at LAI of I.4 and solar zenith angle of 45" (corresponding to DOY 212) (Fig. 4) recommendation of Middleton (1991) . The measured and simulated data agreed with RMSE of 1.6% in red and 3.9% in NIR and further demonstrate that red and NIR reflectance vary with sun-target-sensor geometry. A hot spot (i.e., the backscatter in the 8, proximity equal to 8,)
was prominent in the simulated data but was less pronounced in the experimental data, because measured values were not corrected to compensate for the shadow cast by the MMR. Agreement between experimental and simulated data also indicates that the effects due to diaheliotropism and leaf optical properties differences were minimal.
Differences in response of NDVI and SRVI indicate unique relations for each view geometry (Fig. 5) . Generally, NDVI and SRVI increased in magnitude from far backscattering to far forward scattering at moderate to large LAI. Maximum values were obtained near 20" and 30" in the forward scattering direction. Similar results have been reported for native grassland species (Brown de Coulston et al., 1995; Deering and Middleton, 1990) and alfalfa (Epiphanio and Huete, 1999i3 ferences are attributed to reflectance changes in the red and NIR due to & SO, and LA1 (i.e., because red is more responsive to sunlit and shadowed parts of the canopy than is NIR) and to indices formulation (i.e., low values of red reflectance have a major effect as the denominator of the SRVI but little effect on the NDVI). At low to moderate LAI, the distributions as functions of 8, tended to be bimodal with low values near the nadir view, where soil is most visible. Similar trends have been reported for a prairie grassland of moderate LA1 (Deering and Middleton, 1990 ). NDVI and SRVI increased with increasing LAI. However, the NDVI response with respect to solar and view zenith angles became less variable with increasing LAI, whereas the opposite occurred for SRVI. Goward and Huemmrich (1992) found similar trends between simulated NDVI and LA1 data.
Relations between Vegetation Index and LAI: Measured and Simulated
The relations between measured NDVI and LA1 from solar principal plane data was curvilinear (asymptotic) and varied according to 0, and 0, treatments (Fig. 6a) , attributed to the fact that total LA1 is considered constant through a day, whereas NDVI is a function of 0, and 0,. Middleton (1991) reports that VI values respond to the instantaneously projected, illuminated, green LAI; that is, VI values are more related to the projected LAI than to the invariant absolute vertical LAI. Variation in LA1 across the experimental field (as large as one LA1 unit for canopies of LAIa4) and changing leaf optical properties through the experimental period probably contributed to scatter beyond the smoothed lines. The relations between LA1 and SRVI were predominantly linear but varied according to 0, and 0, in particular (Fig. 6b) . Th e variation increased as SRVI increased with LAI. The hot-spot effect and soil contributions may contribute to the scatter because they are dependent on t?, and affect the SRVI (see Fig. 5b ).
The regression models used for relating NDVI and SRVI to LA1 took the following forms:
SRVI=~,+/$LAI.
The linearity results for VI-LA1 relations from the simulated data (Fig. 7) indicated that indices from forward scattering angles were less correlated with LA1 under variable solar (0'<0,<65") and leaf angle distribution (planophile and erectophile) conditions than were those from backscattering angles. This may be caused by significant changes in NIR reflectance (8% absolute) at some forward view angles when the solar angle is varied and when the corresponding change in red reflectance is minimal under these conditions (Fig. 3) . Note that for maximum correlation with LAI, red and NIR reflectance must change by the same relative amounts when solar or leaf angles are changed. At moderate view angles (approximately 50") in the backscatter direction, red and NIR reflectance increased with increasing solar angle. The result was that the highest correlations occurred in the backscatter position [as noted by Roujean and Breon (1995) in their modeling study] at about 30" view zenith, but about 10" azimuth from the solar principal plane. Hot-spot effects may prevent the maximum values from being reached on the solar principal plane. Correlations decreased in all directions away from the maxima, with the minimum values at large forward scattering angles. In general, correlations were low at all large view zenith angles.
The sensitivity of VI values to LA1 is indicated by the slope of the regression lines (Fig. 8) . Sensitivity results for NDVI relations to ln(LA1) largely followed the trends for the correlations. The maximum values were at moderate view zenith angles in the backscatter direction (at approximately 45") and the lowest values were at large view zenith angles, particularly in the forward scattering direction. In essence, NDVI was most sensitive to were very similar to the trends indicated with the simulations (Fig. 9) . Th e maximum sensitivity of NDVI to LA1
was at small backscatter angles (approximately-10").
whereas the maximum sensitivity of SRVI to LA1 was at medium fonvard scatter angles. Differences between the measured and simulated relations with view angle arc attributed to the fact that the ranges of solar, view. and leaf angle conditions simulated with the model greatlyexceed those for the field data (where: 18"<0,<55"; 0"<~,<50" in the hackscatter and forward scatter directions; and 56'<mean leaf angle<62").
0)
75.0 uting to the exponential relation. SRVI assumed an expo-;; nential relation with fAPAR for all 0, and 0,, similar to $ : 50.0 the relation between LA1 and fAPAR (Fig. 11) . This is g I not surprising, because SRVI was near-linearly related to I g 25.0
LA1 for these canopies (see Fig. 6b ).
:
On the basis of these results, the regression models .E : 0.0 used for relating fAPAR to NDVI and SRVI took the fol- (Fig. 13a) .
t ,
In contrast, indices at small zenith angles in the back-2. -50.0 8 scattering directions were highly correlated with fAPAR m (Fig. I3b) where an increasing change in VI occurred as zenith angles (see Fig. 12 ). Overall, simulated data indicated that solar principal plane geometries were less correlated with fAPAR than were nonprincipal plane geometries. This is attributed to hot-spot effects, which are spectrally dependent.
The sensitivity plots showed slightly different trends between the two simulated indices (Fig. 14) . The NDVI
Relations between Vegetation Indices and fAPAR:
Measured and Simulated
The relation between NDVI and fAPAR derived from measured BRFs varied (Fig. lOa) . Generally, NDVIs in the backscatter direction were linearly related to fAPAR, indicating that NDVIs at these geometries increased with @ in a similar manner as fAPAR. NDVIs at oblique forward scatter angles were less linearly related to fAPAR than were those from the backscatter direction. Similar nonlinearity between fAPAR and NDVI derived from BRFs acquired at oblique view angles by using canopy radiative transfer models has been noted by others Coward and Huemmrich, 1992; Roujean and Breon 1995) . Scatter decreased with increasing fAPAR, because NDVI approached its asymptotic limit.
Compared with NDVI, there was less scatter in the measured SRVI-fAPAR relation at low fAPAR, although scatter increased as fAPAR increased (Fig. lob) , contribsensitivity plot was similar in shape to the correlation plot;
NDVIs in the solar principal plane at small backscatter angles were the most sensitive to fAPAR. However, the range of slopes was much larger than the range of slopes in the sensitivity plot for LAI. Although SRVIs from small backscatter angles were most sensitive to fAPAR (as with NDVI), SRVIs at forward scatter angles also were sensitive, as well as those at other nonsolar principal plane angles. Again, the range of sensitivity values was much larger for fAPAR than for LAI.
Vegetation indices (derived from measured alfalfa canopy reflectances)
were correlated with fAPAR as a means of testing the applicability of the VI-fAPAR simulation results. Trends in the measured data were not as pronounced as those for the simulated results; but, as in the VI-LA1 results, they, in most cases, were similar to those found with the simulated data (Fig. 15) . The mea- These results show that the careful selection of view geometries and regression formulation can greatly affect the success of VIs. The angles of maximum correlation between NDVI and fAPAR were at smaller view zenith angles than were the angles of maximum correlation between NDVI and ln(LAI), whereas the maximum correlations between ln(SRVI) with fAPAR and SRVI with LA1
were similar. The range of correlation coefficients for NDVI-fAPAR was greater than that for NDVI-ln(LA1).
Qualitatively, the NDVI and SRVI correlation relations were similar between LA1 and fAPAR. In general, the higher sensitivity of indices to fAPAR, compared with LAI, was expected because fAPAR is the complement of canopy reflectance for dense canopies. In essence, both indices and fAPAR are radiation quantities, whereas LA1
is nonlinearly related to radiation. By choosing remote sensing samples at angles shown to have high correlation.
one may assume solar angle and leaf angle effects are minimal.
Vegetation Indices from Dissimilar Simulated Bed and NIR Reflectance Geometries: Simulated
The foregoing results showed that change in reflectance caused by changes in canopy condition depended on both the sampling geometry and reflectance wavelength. The correlation of NDVI with fAPAR ( Fig. 16a) Figure 16a were nearly parallel to the red reflectance axis at forward view angles. From canopy reflectance measurements (see Fig. 3 ), NIR reflectance at nadir was relatively invariant (<lO% relative change) to solar angle while red reflectance varied by approximately 33% (relative), suggesting that the correlation depended largely on the sensitivity of red reflectance to changes in solar angle and canopy LAI. This sensitivity was greatest at small forward view angles, especially at moderate to high LA1 (see Fig. 3 ). In fact, it appears that NIR reflectance sensitivity to solar angle had a negative effect (backscatter direction). At large t?,-, red and NIR changed little with 8, and thus was not sensitive to diurnal fAPAR changes (whereas fAPAR is dependent on 0,). The ln(SRVI)-fAPAR results (Fig.  16b) were very similar to those for NDVI-fAPAR in pattern as well as in magnitude.
The sensitivity plots (Fig. 17) differed from those for correlation. The maximum sensitivity of NDVI to fAPAR and of ln(SRV1) to fAPAR occurred by combining middle backscatter samples from the red band with middle forward scattering angles for the NIR. The least-sensitive combinations were from high forward angles for red and high backscatter angles for NIR.
The correlation of the VIs with LA1 (Fig. 18) were slightly lower than the correlations with fAPAR but were significant in some cases. The SRVI-LA1 and NDVIln(LA1) results (Fig. 18) suggested that the correlation with LA1 was greatest when the red and NIR reflectances are gathered at the same backscatter directions, especially at moderate to slightly forward angles. This is consistent with trends noted in the preceding section. From the measured data, both bands are indeed more sensitive to LA1 in backscatter directions (see Fig. 3 ). The large forward view angles for red, combined with near-nadir angles for NIR, also lead to high correlation.
Finally, the sensitivity plots for the NDVI-ln(LA1) relation (Fig. 19) were very similar to the sensitivity plots for VI-fAPAR. Specifically, an NDVI determined with middle backscatter red reflectance and near-nadir NIR reflectance in the forward scatter direction was most sensitive to ln(LA1). This is consistent with measured data; both bands become increasingly sensitive to LA1 while relatively invariant to Q, in these directions (see Fig. 3 ). In contrast, an SRVI determined with high fonvard scatter red reflectance and middle backscatter NIR reflectance was most sensitive to ln(LA1). Although Figure 3 suggests that red reflectance is much less sensitive to LA1 at these angles than at other principal plane angles, the NIR reflectance clearly becomes more sensitive to LA1 as the backscatter angle increases. The changes in NIR reflectance with LA1 greatly exceeded those in red reflectance. In general, this suggests that NDVI was more dependent on the red reflectance behavior, whereas SRVI was more dependent on the NIR reflectance behavior. This conclusion is consistent with earlier results showing that SRVI saturated at larger LA1 than did NDVI (see Fig. 6 ), because NIR reflectance saturated at a higher LA1 than did red reflectance. Note that the sensitivities for NDVI-ln(LA1) relations were four times less than those for the NDVI-fAPAR relations, whereas the sensitivities for the ln(SRVI)-fAPAR and SRVI-LA1 relations were similar, supporting recent studies (Sellers et al., 1992) that show that fAPAR is the variable most related to vegetation indices.
SUMMARY AND CONCLUSIONS
Results indicate the possible effects of sun and view direction on reflected signals and vegetation indices as well as on relations between vegetation indices and biophysical parameters as alfalfa and similar crops develop. Reflected visible (red) radiation is affected by shadows much more than NIR radiation, so the NDVI and SRVI acquired in the forward scatter direction were higher in value than those acquired in the backscatter direction and changed with 0, and 8,. Sun-view geometry effects resulted in variations as large as 2 units of LAI and 0.3 units of fAPAR when compared with empirical relations. Variation in NDVI decreased as LA1 increased, whereas SRVI variation increased as LA1 increased. Whereas relations between LA1 and NDVI were curvilinear, those between LA1 and SRVI were nearly linear. fAPAR was linearly related to NDVI derived from data acquired near the backscatter position. This relation fails at oblique views and in the forward scatter direction.
SRVI was nonlinearly related to fAPAR. The applicability of bidirectional linear and exponential estimators to estimate these biophysical parameters with minimal dependence on solar angle and leaf angles was demonstrated.
However, in general, VIs were more sensitive to fAPAR than LAI, attributed to the fact that fAPAR is a radiation quantity, whereas LA1 is nonlinearly related to radiation. The variation noted in the relations varied more with view angle than with illumination angle. Results show that careful selection of view geometries can greatly affect the success of VIs. Combinations of red and NIR reflectances form the solar principal plane to form BRF VIs suggest that NDVI and SRVI in the near-nadir or backscatter direction give the highest correlation yet not the highest sensitivity (results were similar to VIs derived from red and NIR HRFs from the same viewing geometry). Further exploration into BRF VIs is encouraged.
However, because existing NDVI compositing methods are designed to choose view angles close to nadir, relatively favorable NDVI-fAPAR relations are probably being acquired. Although vegetation indices from forward angles were shown to be least optimal, it has been suggested that they can be preferentially chosen in some cornpositing routines (Coward et al., 1993) . In cases where compositing routines invert simple bidirectional reflectance models to predict NDVI at a standard angle (often nadir), we suggest that the routines be changed to use a standard angle most correlated with the desired parameter (often nonnadir). 
